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The electromagnetically induced transparency (EIT) observations in two Λ-systems of 87Rb atom,
|52S1/2F = 1〉 → |52P3/2F ′ = 1〉 ← |52S1/2F = 2〉 and |52S1/2F = 1〉 → |52P3/2F ′ = 2〉 ←
|52S1/2F = 2〉, have been investigated in detail and the results are found consistent with our
proposed theoretical models. The second Λ-system provides EIT signal with higher magnitude than
the first system, both in absence and in presence of an applied magnetic field. The observed steeper
slope of the EIT signal in presence of the magnetic field can enable one to achieve tight frequency
locking of lasers using these EIT signals.
I. INTRODUCTION
The electromagnetically induced transparency (EIT),
a quantum interference phenomenon, is related to in-
crease in the transmission of a weak probe beam in pres-
ence of a strong coupling beam [1, 2]. Since the con-
ception of EIT, several applications of this phenomenon
have attracted attention of researchers which include ap-
plications in optical communication network [3], optical
switching devices [4, 5], manipulation of group velocity
of light and light storage [6–10], tight laser frequency
locking [11], high resolution spectroscopy [12, 13], atomic
clocks [14], quantum information processing [15, 16],
highly sensitive magnetometery [17–22], velocimetry [23],
etc.
The simple schemes to obtain EIT involve three atomic
levels, in which the weak probe laser beam is resonant to
one pair of energy levels and the strong coupling beam
is resonant to another pair of energy levels such that one
level is common to probe and coupling both. These con-
figurations are known as ladder [24], lambda [25] and vee
[26] systems. Albeit, detailed studies of these configura-
tions already exist in the literature [27–32], proper com-
parative studies of a particular atomic system are hard to
find to decide the better system for a specific application.
In this article, our objective is to provide a detailed
account of the EIT phenomenon for the two possible
Λ-systems of D2 line of
87Rb atom by varying the cou-
pling beam and magnetic field strength to find the bet-
ter system for EIT based laser locking applications. The
two Λ-systems, denoted hereafter as system (A) and sys-
tem (B) respectively, are formed with the atomic levels
|52S1/2F = 1〉 → |52P3/2F ′ = 1〉 ← |52S1/2F = 2〉 and
|52S1/2F = 1〉 → |52P3/2F ′ = 2〉 ← |52S1/2F = 2〉.
Both these Λ-systems have been investigated in absence
and in presence of an applied magnetic field. These two
Λ-systems differ in terms of the strength of transitions
and the proximity of other energy levels surrounding the
excited state. In presence of magnetic field, the Zee-
man splitting of levels further differentiates the two Λ-
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systems. The following are highlights of the experimental
observations which have been found consistent with our
theoretical models. In absence of a magnetic field for
a particular coupling beam power, system (B) provides
the EIT signal of higher magnitude and more symmetric
line shape than the system (A). The presence of magnetic
field splits the single EIT peak into three peaks where the
central peak of system (B) again exhibit better strength.
At a higher coupling beam power, this central EIT peak
possess steeper slope than that of the peak observed in
absence of the magnetic field. These signals with steeper
slope can be extremely useful for tight frequency locking
of lasers. Also, the linear dependence of the separation
between the split peaks on the magnetic field strength
can be exploited to lock a laser frequency at a frequency
detuning controlled by the magnetic field. These studies
may be performed in near future.
The article is organized as follows. Section II describes
the experimental setup. Our results and discussion are
presented in section III. Finally, the conclusion of our
work is given in section IV.
II. EXPERIMENTAL SETUP
The relevant energy levels of 87Rb atom for the systems
(A) and (B) are shown in Figure 1(a). The two Λ-systems
were formed using a weak probe beam and a strong cou-
pling beam connecting the two ground states with a com-
mon excited state. The probe beam frequency was fixed
at the transition peak |52S1/2F = 1〉 → |52P3/2F ′ = 1〉
for system (A) and |52S1/2F = 1〉 → |52P3/2F ′ =
2〉 for system (B), while the coupling beam frequency
was scanned across the transitions |52S1/2F = 2〉 →
|52P3/2F ′ = 1, 2, 3〉 for both the systems. The resonant
probe beam gives a flat transmission signal over which
the effect of the scanned coupling beam can be detected
easily. The transition peaks were identified using the sat-
uration absorption spectroscopy (SAS) technique.
The schematic diagram of the experimental setup is
shown in Figure 2. The probe and coupling beams were
derived from two independent external cavity diode lasers
(TA-Pro and DL-100, TOPTICA, Germany) operating at
780 nm wavelength having spectral linewidths less than
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FIG. 1: (a) The relevant energy levels of 87Rb atom show-
ing two Λ-systems investigated in the present work. ∆c is
the detuning of the coupling beam from respective transition
resonance. (b) Λ-subsystems within the system (B) in pres-
ence of a longitudinal magnetic field. ∆g and ∆e are energy
separations between magnetic sublevels of ground and excited
states respectively. Solid and dashed lines connecting levels
represent transitions involving σ+ and σ− polarizations.
1 MHz. The 1/e2 radii of the probe and coupling beams
were 1.36 mm and 2.04 mm respectively. In order to make
the systems Doppler free and insensitive to the atomic ve-
locity, the probe and coupling beams were aligned in co-
propagating geometry and passed through a 50 mm long
Rb vapor cell [33]. The pressure inside this vapor cell
was ∼ 3.6 × 10−7 Torr corresponding to a number den-
sity of Rb atoms ∼ 1.2× 1010 cm−3. The magnetic field
was applied using a current carrying solenoid wrapped
over the Rb vapor cell. The length of the solenoid was
much longer than the cell length to ensure the homogene-
ity of the applied magnetic field. Both the coil and the
vapor cell were kept inside two layers of µ-metal sheet
to shield the cell from the stray magnetic field. The po-
larizations of the coupling and probe beams were kept
P
ro
be
L
as
er
C
ou
pl
in
g
L
as
er
Probe
NPBS
PBS
RbVC
FI
Mirro r
PD
GP
HWP
BD
coil
SA
S-
P
SA
S-
C
FIG. 2: (Color online) Schematic diagram of the experimental
setup. PBS: polarising beam splitter; NPBS: non-polarising
beam splitter; RbVC: Rubidium vapor cell; FI: Faraday isola-
tor, PD: photodiode; GP: glass plate; HWP: half-wave plate;
BD: beam dump; SAS-P and SAS-C: saturated absorption
spectroscopy for the probe and coupling beams respectively.
linear but mutually orthogonal to each other. The power
in the probe and coupling beams (Pp and Pc respectively)
were controlled using a combination of a half-waveplate
(HWP) and a polarizing beam splitter (PBS) in the beam
paths. The transmitted probe and coupling beams were
separated after the vapor cell using a PBS as shown in
Figure 2. The transmitted probe beam was collected on
a photo-diode (connected to an oscilloscope) to measure
the transmitted probe signal as a function of coupling
beam detuning.
III. RESULTS AND DISCUSSION
A. Experimental results
In the experiments, the power of the probe beam was
fixed at Pp = 0.08 mW (Rabi frequency Ωp = 2pi × 3.3
MHz for both the systems (A) and (B)) and the coupling
beam power was varied in a wide range from Pc = 0.1
mW to Pc = 20 mW (resulting in a variation of the cou-
pling Rabi frequency from Ωc = 2pi × 1.1 MHz to Ωc =
2pi × 15.5 MHz for system (A) and Ωc = 2pi × 2.4 MHz
to Ωc = 2pi × 34.7 MHz for system (B)). The Rabi fre-
quency was calculated using the expression Ω = Γ
√
I
2Isat
,
where I is the beam intensity, Γ is the natural linewidth
(2pi × 6 MHz) and Isat = c0Γ2~24d2 is saturation intensity.
The dipole moment d = µijµ0 with µ0 = 3.58 × 10−29
C-m and µij is dipole transition matrix element between
states i and j. Here, c, 0 and ~ are speed of light, vacuum
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FIG. 3: The transmitted probe signal as a function of cou-
pling beam detuning. The spectra for both the systems show
five absorption dips a, b, c, d and e, which are due to velocity
selective optical pumping. Here only dip b shows a narrow
EIT peak at zero detuning due to fulfilment of two photon
resonance condition. The probe power is Pp = 0.08 mW and
the coupling beam power is Pc = 1 mW
.
permittivity and reduced Planck’s constant with values
3×108 m/s, 8.85×10−12 F/m and 1.05×10−34 J-s respec-
tively. Since both the systems (A) and (B) have equal µij
corresponding to the probe transition, the probe beam
Rabi frequency Ωp is equal for both the systems. Fig-
ure 3 shows the recorded probe signals in which there
are five absorption dips (a, b, c, d and e) for both the
Λ-systems. These spectral features are known as velocity
selective optical pumping (VSOP) absorption dips [34–
36]. Among these absorption dips, only dip b exhibits
an EIT peak due to the fulfillment of the two-photon
resonance condition. In the present work, further inves-
tigation of this EIT peak in both the Λ-systems has been
carried out by varying different experimental parameters.
The dependence of the EIT signal on the coupling
beam power for both the Λ-systems was observed and
the corresponding EIT signals are shown in Figure 4.
The relative transmission in the figure is defined as the
ratio of the signal height (with respect to the VSOP min-
imum) to the total depth of corresponding VSOP absorp-
tion dip. This chosen scale provides the direct measure of
recovery of the transmission due to EIT effect against the
VSOP absorption, without involving the absolute value
of probe signal voltage. This relative transmission (TR)
can be written in terms of regular transmission (T ) and
transmission at VSOP dip (TV SOP ) as, TR =
T−TV SOP
1−TV SOP .
The important features of these observed EIT sig-
nals are as follows: (i) both strength and linewidth of
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FIG. 4: The relative transmission as a function of coupling
beam detuning for both the Λ-systems (A) and (B), for dif-
ferent coupling beam power and the fixed probe beam power
Pp = 0.08 mW. Here δb represents separation between minima
of the EIT peak
.
the EIT signals increase with increase in the coupling
beam power, (ii) the asymmetry in the line shape in-
creases with the coupling power, (iii) the linewidth of
the signal remains sub-natural even at higher coupling
power, and (iv) the system (B) gives more symmetric and
higher strength EIT signal than the system (A). Here, the
linewidth is defined by parameter δb as shown in Figure
4 (iii). Since the lineshape of the observed EIT signal
is asymmetric, so measurement of the full width at half
maximum (FWHM) of the EIT signal is difficult. There-
fore, the separation between two minima in the EIT sig-
nal (i.e. δb) is considered as linewidth of the EIT signal.
The actual FWHM of the EIT peak could be approx-
imately the half of δb. The strength of the EIT peak
implies here the height of the EIT peak. The asymmetry
in the signal is defined as difference between two minima
values surrounding the EIT peak.
The asymmetry in line shape of the EIT signal may
be due to the presence of other nearby excited states, as
reported earlier [37, 38]. A more asymmetric EIT signal
in the Λ-system (A) than that in the system (B) could
possibly be due to this effect, as excited state in the sys-
tem (A) has more closely spaced nearby levels than the
system (B). The linewidth increases with the increase in
the coupling beam power, while both the systems exhibit
nearly same linewidth for a given coupling power. But,
the system (B) shows stronger and more symmetric EIT
signal than the system (A) as shown in Figure 4. These
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FIG. 5: The relative transmission as a function of coupling
beam detuning at different strength of the magnetic field (B||)
for both the Λ-systems. Here probe power is 0.08 mW and
coupling power is 4 mW
.
results suggest that the Λ-system (B) can be more suit-
able for practical applications than the Λ-system (A).
Thereafter, experiments were performed by applying
a longitudinal magnetic field B|| to the vapor cell. The
EIT signals for both the Λ-systems were recorded for dif-
ferent strengths of the magnetic field (B||), while keeping
the probe and coupling power fixed (Pp = 0.08 mW and
Pc = 4 mW). The results of these observations are shown
in Figure 5. It is evident from this figure that EIT signals
for both the systems split into three peaks in presence of
the magnetic field. However, the central peak (among the
three split peaks) for the system (B) is of higher strength
than that for the system (A). The origin of the splitting
of the EIT peaks is due to the removal of the degeneracy
of the Zeeman hyperfine states (mF and mF ′) in presence
of the applied magnetic field. The energy separation be-
tween two adjacent Zeeman sublevels is given by,
∆
(|gF |, B||) = |gF |µBB||
h
, (1)
where gF is the hyperfine Lande´ g-factor, µB is Bohr
magneton and h is Planck’s constant.
Each of the linearly polarized probe and coupling
beams can be decomposed into two opposite circularly
polarized beams with σ+ and σ− polarizations with re-
spect to the direction of the magnetic field. Along with
the Zeeman sublevels, these circularly polarized beams
give rise to multiple Λ-subsystems within each Λ-system
as per the transition selection rules ∆mF = ±1. The
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FIG. 6: The relative transmission as a function of coupling
beam detuning for both the Λ-systems in presence of longitu-
dinal magnetic field B|| = 3.4 G. Plots (i)-(v) are for different
coupling beam power at a fixed probe beam power of 0.08 mW
.
two-photon resonance condition in these Λ-subsystems
should result in emergence of multiple EIT windows at
different values of coupling beam detuning. It can be
shown that there are only three possible values of cou-
pling beam detuning for which the required two-photon
resonance condition for EIT can be achieved. This can
be explained as below.
Due to the different Lande g-factors associated with
the ground and excited states (i.e. gF values), the sepa-
ration between their magnetic sublevels are different and
are denoted as ∆g (i.e. ∆(|gF | = 1/2)) and ∆e (i.e.
∆(|gF | = 2/3)) respectively as shown in Figure 1 (b).
Now, a particular Λ-subsystem of the system (B) formed
with the transitions |F = 1,mF = 1〉 → |F ′ = 2,mF ′ =
2〉 ← |F = 2,mF = 1〉 is considered where the probe and
coupling beam detunings can be determined in terms of
∆g and ∆e as ∆p = ∆g + 2∆e and ∆c = −∆g + 2∆e re-
spectively. The two photon resonance condition becomes
∆p − ∆c = 2∆g. Since the probe is kept resonant (i.e.
∆p = 0), the two photon resonance condition required
for EIT can be achieved at ∆c = −2∆g. A similar cal-
culation for all the other Λ-subsystems results in three
different values of coupling beam detuning ∆c = 0,±2∆g
for which the EIT resonance condition is satisfied.
The behavior of these split EIT signals has also been
studied by varying the coupling beam power, while keep-
ing the magnetic field strength fixed at B|| =3.4 G and
the probe beam power at Pp = 0.08 mW. The results
of this study are shown in Figure 6 for both the sys-
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FIG. 7: (color online) The transmitted probe signal as a
function of coupling beam detuning for Λ-system (B) in ab-
sence and in presence of the longitudinal magnetic field (i.e.
B|| = 0 G (black curve) and B|| = 3.4 G (red curve) respec-
tively). The signals are for coupling beam power of 20 mW
and probe beam power of 0.08 mW. The signal shown in black
(lower curve) is shifted down by 10 mV for better visibility.
The inset depicts the derivative of the transmitted signal with
respect to the coupling beam detuning (i.e. piecewise slope
of the signal) as a function of coupling beam detuning. The
slope in the presence of magnetic field is 2.7 times higher than
the slope in absence of magnetic field
.
tems (A) and (B). It is evident from Figure 6 that the
separation between the split-EIT peaks is independent
of the coupling beam power whereas the strength of the
EIT peaks increases by an increase in the coupling beam
power. It can be noted that for coupling power greater
than 4 mW, the central EIT peaks show higher ampli-
tude with steeper slopes as compared to the EIT peaks
observed in absence of the magnetic field. As an exam-
ple, for a coupling power 20 mW in the system (B), both
the signals are shown in Figure 7. The slope of the cen-
tral EIT peak in presence of magnetic field is ∼ 2.7 times
higher than that of the EIT peak in absence of magnetic
field which is clearly visible from the inset of Figure 7.
Because of the higher slope, the magnetic field induced
split EIT signals may be a better choice for accurate fre-
quency locking of the lasers. Along with this, side split
peaks can also be utilized to lock a laser at frequencies
controlled by the magnetic field strength.
B. Numerical Simulations
To model the experimental results, all the hyperfine
states of the D2 line transition of
87Rb atom were con-
sidered and the resulting six-level system is shown in Fig-
ure 1(a). Here the levels |0〉 and |1〉 represent two ground
state hyperfine levels F = 1 and F = 2 and the levels |2〉,
|3〉, |4〉 and |5〉 represent the excited state hyperfine levels
F ′ = 0, F ′ = 1, F ′ = 2 and F ′ = 3 respectively. The Λ-
systems (A) and (B) involve transitions |0〉 → |3〉 ← |1〉
and |0〉 → |4〉 ← |1〉 respectively. Therefore, as an exam-
ple, the Hamiltonian for the Λ-system (B) with six-levels
(|0〉 to |5〉) interacting with the probe and coupling fields
after applying the rotating-wave approximation can be
constructed as,
H =

∆p − kv 0 Ω02p Ω03p Ω04p 0
0 ∆c − kv 0 Ω13c Ω14c Ω15c
Ω20p 0 −2δ42 0 0 0
Ω30p Ω
31
c 0 −2δ43 0 0
Ω40p Ω
41
c 0 0 0 0
0 Ω51c 0 0 0 2δ45
 , (2)
where ∆p and ∆c are the frequency detunings of the
probe and coupling beams respectively from their reso-
nances. The Rabi frequency for the transitions |i〉 → |j〉
is denoted by Ωijp,c where p and c denotes the probe and
coupling transitions and the separation between the en-
ergy levels |i〉 and |j〉 is denoted as δij . The diagonal
elements of H arise due to the contribution from the
atomic Hamiltonian and the off-diagonal terms manifest
the interaction of an atom with the probe and coupling
fields. The term kv accounts for the thermal motion of
the atom, where v is the velocity of an atom and k is the
wave vector of the electromagnetic fields. The evolution
of this atomic system, in terms of the density matrix (ρ),
can be described by the Lindblad master equation
ρ˙ = − i
~
[H, ρ] + L(ρ). (3)
Here L(ρ) is the Lindblad super-operator which incor-
porates the effect of the spontaneous emissions in the
system. This Lindblad master equation yields a set
of thirty-six time dependent equations, and the steady
state solution of these equations are obtained numeri-
cally. The imaginary parts of different coherences (i.e.
Im(ρ02), Im(ρ03) and Im(ρ04)) have been used to cal-
culate the imaginary part of the linear susceptibility
Im(χ(1)), which in turn provides the probe transmission.
Due to the presence of a large number of atoms with a
Maxwell Boltzmann velocity distribution (W (v)) in the
room temperature Rb vapor cell, the imaginary part of
the susceptibility was averaged over all the velocities [39]
as,
Im(χ(1)) =
∫
dvW (v)A
4∑
j=2
(
µ20j × Im(ρ0j)
Ω0jp
)
, (4)
where A= 2n0~ , µ0j is the dipole moment between states|0〉 and |j〉, 0 is vacuum permittivity, ~ is reduced
Planck’s constant and n is number density of Rb atoms
inside the Rb vapor cell. The transmission of the medium
is given as,
T = exp[−αl], (5)
where α = kIm(χ(1)) is absorption coefficient, k is
the wave vector of the electromagnetic field and l is the
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FIG. 8: The simulated transmission of probe beam as a func-
tion of coupling beam detuning for both the Λ-systems at
different coupling beam power, in absence of magnetic field.
Plot (i) shows the probe transmission for a large range of
coupling beam detuning, depicting the VSOP and EIT sig-
nals together. Plots (ii) - (iv) show magnified view of the
EIT signal for different coupling power
.
length of the vapor cell. The values of parameters n,
l, Ωp, Ωc, δij used in the simulations were kept same as
experimental values as given in sections II and III A. The
results of the simulations are shown in Figure 8 for both
the Λ-systems.
As evident from Figures 8 and 3, the results obtained
from the numerical simulations are able to reproduce the
experimentally observed EIT signal along with the ve-
locity selective optical pumping absorption dips for both
the Λ-systems. The simulation results also show the in-
crease in the EIT signal strength as well as the asym-
metry in line shape with the increase in coupling beam
power. However, the simulated EIT signal is less asym-
metric as compared to the experimentally observed sig-
nal. Incorporation of various factors like ground state
relaxation rate, laser linewidth, effect of collisions, non-
radiative decay of atoms within the hyperfine levels of
the excited states, which are ignored in the simulations,
may result in better agreement between the experimental
and simulation results [40–42]. The numerical results in
Figure 8 also proves that the system (B) exhibit EIT of
better strength than that of the system (A) for a given
coupling power.
In order to model the observed EIT signals in presence
of a magnetic field for both the systems (A) and (B),
the splitting of the hyperfine levels (i.e. 11 sublevels for
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FIG. 9: The simulated transmission of probe beam as a func-
tion of coupling beam detuning for Λ-system (B) in presence
of a magnetic field. Curves (i),(ii) and (iii) show the varia-
tion in separation of split EIT peaks with the magnetic field
strength for a fixed coupling beam power of 4 mW. Curves
(iv),(v) and (vi) show the variation in amplitude and line
shape of split EIT peaks with the coupling beam power at a
fixed magnetic field strength 3.4 G
.
system (A) and 13 sublevels for system (B)) should also
be considered. The Hamiltonian for Λ-system (B) with
all the 13 Zeeman sublevels interacting with the applied
probe and coupling beams can be written as,
H = ~
12∑
i=0
ωii|i〉〈i|+ ~
2
i=2∑
i=0
j=12∑
j=8
Ωi,jp |i〉〈j|+
~
2
i=7∑
i=3
j=12∑
j=8
Ωi,jc |i〉〈j|+H.c., (6)
where i and j correspond to different Zeeman hyperfine
ground states (mF ) and excited states (mF ′) respectively
and the corresponding transitions between ith and jth
states follow the dipole selection rule mF ′ − mF = ±1
(Figure 1(b)). Here ~ωii represents the energy of ith
state.
The Lindblad master equation (3) was solved using
the above Hamiltonian of equation (6) to calculate the
probe transmission in presence of the magnetic field. Nu-
merically obtained values of probe transmission T as a
function of coupling beam detuning for different values
of magnetic field strength and coupling beam power are
shown in Figure 9. The variation in the peak separation
with the applied magnetic field as obtained numerically
7(Figure 9 (i)-(iii)) are in good agreement with the ex-
perimental observations (Figure 5 (ii)-(iv) for Λ-system
(B)). The occurrence of three split EIT peaks in the sim-
ulation results also agree with the analytical explanation
provided in the earlier section.
In numerical simulations, the variation in the line
shape and amplitude of split EIT peaks with the cou-
pling beam power is shown in Figure 9 (curves (iv)-(vi)),
for a fixed magnetic field strength 3.4 G. As the coupling
power is increased, the simulated spectra show broaden-
ing in all the three EIT peaks. These results are also
in qualitative agreement with the experimental observa-
tions. However, a better matching between the theoreti-
cal and experimental results may be obtained by incorpo-
rating various effects such as collisions [42], spin exchange
relaxations [43], etc in the theoretical model. Nonethe-
less, the presented numerical results provide an insight
into the EIT phenomenon in these multi-level systems
and can be employed to investigate similar other systems.
IV. CONCLUSION
The two Λ-systems in 87Rb atom, |52S1/2F = 1〉 →
|52P3/2F ′ = 1〉 ← |52S1/2F = 2〉 and |52S1/2F = 1〉 →
|52P3/2F ′ = 2〉 ← |52S1/2F = 2〉, denoted as system (A)
and (B) respectively, have been investigated for EIT char-
acteristics by varying the coupling beam and magnetic
field strength. The experimentally observed results have
been explained with our multi-level models for EIT phe-
nomenon. Though, the observed linewidth of EIT signals
is found to remain sub-natural even at higher coupling
power for both the systems, the EIT signals for the sys-
tem (B) have higher strength and more symmetric line
shape than corresponding signals for system (A). At a
higher coupling beam power and in presence of the mag-
netic field, the central EIT peak possess steeper slope
than the peak observed in absence of the magnetic field.
These signals with steeper slope can be extremely use-
ful for tight laser frequency locking. Locking of a laser
frequency at a frequency detuning controlled by the mag-
netic field can be achieved using the dependence of the
separation between the split peaks on the magnetic field
strength. The observed results indicate that the system
(B) is more promising from application point of view.
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